Introduction
============

During diving, blood flow in marine mammals is highly regulated and, depending on the nature of the dive, some organs may receive extremely low blood flow for long periods. Some central tissues remain perfused even during long dives, while others can be held essentially ischemic. The regulation and control of the peripheral and central circulations during diving has been studied extensively for over 60 years and while the particulars of those control mechanisms are not discussed here, the net results are relevant to this review: Marine mammals demonstrate a suite of circulatory adjustments for the regulation of blood oxygen supply during dives. Some of these are dynamic (e.g., bradycardia, vasoconstriction, hematocrit (Hct) regulation) and others are systemic (e.g., elevated myoglobin concentrations, blood volume to body mass ratios, hemoglobin and red blood cell (RBC) concentrations). Depending on the intensity and duration of the dive response, the associated bradycardia and circulatory re-routing are adjusted with the possibility for extremely low blood flow rates in some organs (Scholander, [@B57]; Zapol et al., [@B75]; Butler, [@B13]; Elsner and Gooden, [@B30]; Kooyman, [@B44]). Further, in species that demonstrate splenic sequestration of RBC, Hct can increase from as low as 35% during breathing (eupneic) periods up to 75% during diving and breath-holding (apnea) (Castellini et al., [@B18], [@B19]; Qvist et al., [@B55]). Therefore, blood flow rates, RBC aggregation, and blood viscosity become critical parameters during diving periods.

The central questions addressed in this review are whether there are intrinsic characteristics of marine mammal blood that are adapted to maintaining flow during diving periods of variable Hct and if there are blood adaptations to periods of low blood flow (stasis). For example, are there rheological properties of marine mammal blood that offset the impacts of elevated Hct and low flow rates?

What is "blood rheology"?
-------------------------

In its broadest sense, blood rheology, usually termed hemorheology, is the study of how blood deforms and flows in both *in vitro* testing devices and through the circulatory system; it deals with flow characteristics of blood as a suspension of particles, with RBC-RBC interactions and with interactions of RBC with other cells and with blood vessels. The essential concepts include the viscosity of blood as a function of the number, shape, size and mechanical characteristics of RBC, the effects of shear rate(proportional to the rate of blood flow in vessels), interactions between blood cells (RBC aggregation), the viscous properties of plasma and the geometry and properties of blood vessels. Some of these parameters can be directly measured *in vitro*, including plasma and blood viscosity at various Hct levels, shear rates, and temperatures (Baskurt et al., [@B4]). These *in vitro*measurements are most applicable to studies on marine mammals because they are readily adapted to blood samples collected from different species under a variety of field or laboratory conditions. For example, the impact of temperature on the viscosity of Arctic bowhead whale blood demonstrated that at the low temperatures most likely seen in the fluke, whale blood was less viscous than human blood would be under the same cool conditions (Elsner et al., [@B29]).

Conversely, *in vivo* studies that examine blood while interacting with blood vessels in a living animal are not as easily adapted to diving mammal investigations because of the complex surgical methods and specialized equipment required. Consequently, we know of no studies that have examined *in vivo* hemorheological properties in a marine mammal, diving or resting. While we will discuss some of these *in vivo* issues, our primary focus in this review will be on how comparative physiologists can utilize collected blood samples to gain insights into the interesting adaptations that characterize the circulatory system of diving mammals.

Despite the abovementioned current absence of *in vivo* blood flow observations, it is our hope that this review will provide insight into why hemorheology has an important role in diving physiology. Its goal is to present to the reader some of the fundamental aspects of blood flow behavior, introduce essential rheological concepts, and describe how these can be applied to diving mammals.

In this review, we utilize the extensive and well-studied field of human hemorheology for comparative data with marine mammals. For the reader interested in even broader comparative rheology information, there are there are many excellent reviews that cover the details of the development and molecular biology of hemorheology, the effects of disease, and comparative hemorheological data (Chien et al., [@B25]; Chien, [@B23]; Hawkey, [@B39]; Sowemimo-Coker et al., [@B59]; Gascoyne and Hawkey, [@B37]; Johnn et al., [@B43]; Meiselman, [@B48]; Stoltz et al., [@B60]; Windberger et al., [@B72]; Baskurt et al., [@B6]; Windberger and Baskurt, [@B71]).

Background rheological considerations
-------------------------------------

We discuss here a suite of factors that should theoretically impact the rheological properties of marine mammal blood, including: shear rate and the tendency for RBC aggregation; shape/deformability of RBC; Hct variability; and the cellular rheological behavior of RBC.

Two of the fundamental concepts in rheology require some preliminary discussion: Newtonian fluids and shear rate. Newtonian fluids are often described as "simple" fluids (e.g., water, salt solutions). For these fluids, viscosity changes are driven only by temperature alterations: viscosity decreases with increasing temperature but is not affected by flow conditions. In contrast, non-Newtonian fluids (e.g., whole blood) are complex fluids where the inherent properties of the fluid alter the viscosity depending not only on temperature but also on shear rate. Shear itself can best be described as visualizing the stream lines or layers that form as a fluid is flowing through a tube. Since the velocity of flow is zero at the wall and increases toward the center, layers move at different speeds. The difference of speed between adjacent streamlines or layers divided by the distance separating these layers defines the rate at which the layers are being "sheared" against one another and hence shear rate. The units of shear rate are unusual (i.e., inverse time, s^−1^) and arise due to a velocity term such as cm/sec being divided by a distance such as cm leaving time in the denominator. Note that for a given size tube, shear rate increases with volumetric flow rate.

### Shear rate effects

To illustrate how flow impacts viscosity, Figure [1](#F1){ref-type="fig"} presents typical viscosity-shear rate results for three human RBC suspensions, all at a normal Hct of 40%: (1) RBC in plasma; (2) RBC in isotonic buffer; (3) RBC made extremely rigid by fixation in glutaraldehyde and suspended in isotonic saline buffer. Dealing first with the RBC-plasma suspension, the feature most notable is the strong curvilinear effect of shear rate on viscosity with an 11-fold decrease in blood viscosity as shear rate increases over the range shown. Hence unlike simple fluids, blood behaves as a non-Newtonian fluid whose viscosity decreases with increasing rates of shear. At sufficiently high shear rates (i.e., ∼1000 s^−1^) blood viscosity becomes essentially independent of shear rate and thus exhibits Newtonian flow behavior; the process is reversible such that viscosity will again increase as shear rate is decreased. The exact shear rate necessary for Newtonian flow is Hct dependent, with higher shear needed at higher Hcts (Cokelet and Meiselman, [@B26]).

![**Viscosity-shear rate results for 40% hematocrit suspensions of normal human RBC in plasma, in isotonic saline buffer and for chemically fixed rigid RBC in saline (From Cokelet and Meiselman, [@B26])**.](fphys-01-00146-g001){#F1}

In contrast, the RBC-saline suspension is much less shear dependent, with less than a 2-fold decrease over the range of shear rate, and Newtonian flow appearing well prior to 1,000 s^−1^. Since normal RBC in plasma undergo reversible aggregation (termed "rouleaux formation") while those in saline buffer do not, RBC aggregation is considered the primary determinant of elevated blood viscosity at low shear rates. With increasing shear forces, the RBC aggregates in the plasma suspension become progressively dispersed and the viscosities of the buffer and plasma suspensions approach each other; RBC aggregation is thus the reason for blood\'s marked non-Newtonian behavior. Note that since plasma has a higher viscosity than buffer, the two curves in Figure [1](#F1){ref-type="fig"} will not coincide unless the viscosities of plasma and buffer are equalized (Chien, [@B23]; Stoltz et al., [@B60]; Baskurt et al., [@B8]; Cokelet and Meiselman, [@B26]).

### Hematocrit effects

Not surprisingly, the fraction of particles in a suspension affects its rheological behavior and in blood, this fraction is represented primarily by the Hct. Unless aggregated, platelets are too few in number and volume to affect viscosity, and white cells only influence viscosity when their volume fraction is abnormally elevated. Figure [2](#F2){ref-type="fig"} presents blood viscosity data in human blood for Hcts of 20, 30, 40 and 50% over a 200-fold range of shear rate (i.e., 0.1--20 s^−1^). This figure demonstrates several principles that are relevant to this discussion: First, increases in Hct increase viscosity at all flow rates. Second, the relationship between Hct and viscosity is not linear: at the lowest shear rate shown, a Hct change from 20 to 50% increases blood viscosity by about 9-fold whereas at the highest shear rate, the same Hct change only causes a 3-fold increase. Finally, the viscosity response to shear rate is not linear, that is, the blood does not behave as a Newtonian fluid at the tested flow rates: at 20% Hct there is a 6-fold decrease in viscosity over 0.1--20 s^−1^ whereas at 50% Hct, the decrease is about 20-fold.

![**Hematocrit-viscosity data at four shear rates for normal human RBC in plasma (From Cokelet and Meiselman, [@B26])**.](fphys-01-00146-g002){#F2}

### RBC deformability

Next, we consider the impacts of cell rigidity on viscosity as shown in Figure [1](#F1){ref-type="fig"}. Unlike normal cells, rigid RBC are unable to deform in response to shear forces and have a higher viscosity compared to normal cells at shear rates above about 10 s^−1^ that is best ascribed to the decrease in RBC deformability. There is general agreement that the ability of the RBC to deform is influenced by the surface area to volume ratio, cell shape, membrane mechanical properties and their internal viscosity (Chien, [@B24]; Baskurt and Meiselman, [@B3]).

### RBC shape and geometry

Mammalian erythrocytes are enucleated cells and, in general, have a biconcave, discoid shape, yet RBC size and volume vary widely (Gascoyne and Hawkey, [@B37]).There does not always seem to be an association between the size of the animals and its RBC volume. For example, RBC mean cell volume (MCV) of mammals ranges from about 20 fL in goat, 42 for horses, 80--95 for humans, 155 for Weddell seals, 180 in elephant seals and bowhead whales, 138 in elephants and 200 fL in echidna (Wickham et al., [@B69], [@B68]; Castellini et al., [@B20]; Baskurt et al., [@B5]). Table [1](#T1){ref-type="table"} presents data for further comparative MCV values in marine mammals. Interestingly, despite this wide variation in erythrocyte sizes among mammals, Hct at rest is relatively constant, with a nominal range of about 33--45%. Therefore, the number of erythrocytes per unit volume of blood also varies widely to maintain Hct values within a narrow range under resting conditions (Wickham et al., [@B69]; Gascoyne and Hawkey, [@B37]; Meiselman et al., [@B49]; Castellini et al., [@B20]).

###### 

**Blood hematology and rheological values for marine mammals**. Values are mean ± standard deviation.

                                   MCV (fl)   RBC 10^6^/ul   Hct (%)    Hb (g/dl)   MCH (pg/cell)   MCHC (g/dl)   RBC internal visc (mPa.s)   Plasma visc (mPa.s)   Agg index Plasma   Agg index 3% D-70   Agg strength plasma (s¯1)   Agg ½time plasma (s)
  -------------------------------- ---------- -------------- ---------- ----------- --------------- ------------- --------------------------- --------------------- ------------------ ------------------- --------------------------- ----------------------
  Bowhead whale (*n*=2)            178        3.3            59         20.3        61.3            34.3          8                                                 26                 50                                              
  Elephant seal (*n*=6)            176±17     3.19±0.14      57±4.7     24.6±1.1    77.4±5.6        41±2.6        26                          16.0±0.05             24±3               48±2                105±25                      6±1
  Harbor seal                      105±10     5.11±0.56      53±5.4     21.0±1.8    40.0±2.7        38±1.4        19                                                                                                                   
  Ringed seal (*n*=3)              122±4      4.2±0.3        51±3       26          50              39            15                          1.63±0.08             0                                      3±1                         
  Weddell seal (adults) (*n*=10)   155±1      4.1±0.08       63.5±1.1   23.8±0.4    58.0±0.3        37.5±0.3      13                          1.92±0.13             47±2               39±2                220±25                      3±1
  Weddell seal (pups) (*n*=10)     142±1      3.39±0.07      46.5±1.1   18.2±0.3    53.7±0.2        38.1±0.4      15                                                6±2                14±2                                            
  Human (*n*=10)                   80--95     4.5--5.5       35--45     12--16      27--34          30--35        5--9                        1.59±0.08             18±2               30±3                61±27                       4±2

*RBC aggregation behavior was measured for cells suspended in autologous plasma and in a 3% isotonic solution of 70 kDa dextran; RBC were washed prior to re-suspension in dextran and all hematocrits were adjusted to 40%. Two methods were used to assess aggregation: (1) Myrenne Aggregometer (Myrenne GmbH, Roetgen, Germany) which integrates the increased light transmission through the suspension subsequent to aggregate formation (Bauersachs et al., [@B9]). This system provides an aggregation index and a measure of aggregate strength both of which increase with enhanced aggregation. In addition it provides a kinetic parameter for the overall halftime of the aggregation process (2) The Zeta Sedimentation Ratio (ZSR) in which the cell suspension is subjected to low gravity (i.e., 7 to 8 *×* g) centrifugation for 3 min (Bull and Brailsford, [@B10]). Following centrifugation the ZSR is obtained as the ratio of the true high-g microhematocrit to that measured after centrifugation. In the absence of aggregation the ZSR is the true hematocrit (i.e., 0.40) and increases with increasing aggregation. Plasma viscosity was measured with a micro cone-plate viscometer (Brookfield Engineering, Stoughton, MA)*.

Definitions of Units:

MCH = Mean corpuscular Hb/cell (picograms/cell)

(mPa.s) = milliPascal.seconds (identical to centiPoise)

*Aggregate Strength Plasma = minimum shear rate (s)^−1^ necessary to disperse RBC aggregates for cells suspended in autologous plasma*.

*Data in Table [1](#T1){ref-type="table"} are taken from Wickham et al., [@B69], [@B68]; Meiselman et al., [@B49]; Castellini et al., [@B20]*.

RBC geometric characteristics such as shape and membrane surface area to cell volume ratio (S/V ratio) can also affect the flow behavior of blood. Shear forces can induce reversible changes of RBC shape at constant cell volume (e.g., bending, folding, irregular deformation). However, the ability of the cell to deform depends critically on its S/V ratio: a sphere has the minimum surface area for the contained volume, and thus to deform a sphere it is necessary to enlarge its area. The RBC membrane is extremely resistant to increases of area and undergoes rupture and hemolysis if enlarged more than 2--3%.

### RBC membrane composition

To investigate factors involved in RBC deformability, membrane components have been manipulated in various terrestrial mammal species. Modifications of RBC membrane lipid content and proteins have been associated with RBC shape changes (Wang, [@B66]; Wong, [@B73]). Membrane lipids differ among some species (Oulevey et al., [@B54]; Engen and Clark, [@B31]), but the role of dietary fatty acid intake on RBC membrane lipid content in this context is not conclusive. In guinea pigs, RBC deformability remains unchanged in spite of a 50% decrease of membrane cholesterol after statin treatment (Uyuklu et al., [@B65]). Such studies indicate that differences in membrane lipid structures do not satisfactorily explain species specific differences in RBC deformability.

### RBC cytoplasmic viscosity

Another important parameter affecting blood rheology is RBC cytoplasmic viscosity and its effect on the rheologic behavior of red cells. Erythrocyte cytoplasmic viscosity is related to mean cellular hemoglobin concentration (MCHC), and increases faster than exponentially as MCHC rises. The increase of viscosity with hemoglobin concentration is particularly abrupt at high MCHC levels: an increase from the human norm of 32 to 41 g/dl as seen in some seals results in a 4-fold increase of cytoplasmic viscosity (Meiselman et al., [@B49]). Further, there is some evidence that elevated hemoglobin levels result in hemoglobin-cytoskeletal interactions leading to increased rigidity of the RBC membrane (Nash and Meiselman, [@B51]). Table [1](#T1){ref-type="table"} contains data for marine mammal MCHC and RBC (internal) cytoplasmic viscosity.

### RBC aggregation effects

Marked differences of RBC aggregation and of "RBC aggregability" can greatly affect the flow behavior of blood, especially at lower shear or flow rates. Note that the two terms are not interchangeable: (1) aggregation refers to the measured extent, strength or rate of aggregation for cells in any medium including plasma; (2) the term "aggregability" has been coined to describe RBC aggregation tendency for cells that have been separated from autologous plasma, washed, and then re-suspended in a pro-aggregating, well- defined protein or polymer solution. RBC aggregability is thus an intrinsic cellular property and hence enhanced aggregation in such a solution would indicate greater RBC aggregability. This cellular property can be affected by cell deformability or morphology and is usually governed by the physicochemical characteristics of the plasma membrane carbohydrate structure (glycocalyx). An example of differing aggregability is the greater tendency for aggregation of older, more-dense cells versus younger, less-dense human RBC (Neu and Meiselman, [@B53]).

As mentioned above, RBC aggregation impacts hemorheological behavior because as the RBC form into multi-cell groups ("rouleaux") they change the flow characteristics of whole blood. Both aggregation and aggregability depend on cell deformability since aggregate formation requires parallel membrane surfaces between cells. We have recently reviewed some of the background and current research directions in RBC aggregation studies and noted a wide range of RBC aggregation properties across terrestrial mammals (Baskurt and Meiselman, [@B4], [@B7]; Meiselman et al., [@B50]). Reasons for this diverse aggregation behavior include variations in RBC deformability and membrane surface properties (Eylar et al., [@B32]; Meiselman, [@B48]; Rampling et al., [@B56]) as well as quantitative and qualitative differences in plasma protein concentrations (Andrews et al., [@B1]; Kraft and Dürr, [@B47]). Table [1](#T1){ref-type="table"} contains data for marine mammal aggregation values.

### Summary

To summarize these baseline hemorheological principals, whole blood usually behaves as a non-Newtonian fluid, with both viscosity and the degree of Newtonian behavior a function of Hct (Figure [2](#F2){ref-type="fig"}). This behavior is generally ascribed to two processes: (1) RBC aggregates form at stasis or low shear rates; (2) RBC aggregates are dispersed by increasing fluid shear forces and RBC undergo deformation and alignment with flow at medium to high shear rates. Thus, as shown in Figure [1](#F1){ref-type="fig"}, when studied at constant Hct, increases of viscosity at low shear usually implies enhanced RBC aggregation while increases at high shear are ascribed to decreased RBC deformability.

Marine Versus Terrestrial Mammals
=================================

We know that diving and breath-holding can induce large changes in Hct in marine mammals and that blood flow is variable and can be static in some organ beds. Marine mammal blood cells can also contain significantly larger amounts of hemoglobin than terrestrial mammals (Kooyman, [@B44]; Elsner and Meiselman, [@B28]; Castellini et al., [@B20]) and must endure rapid and massive changes in hydrostatic pressure during deep diving. This section focuses on some of these hemorheological challenges and possible adaptations in marine versus terrestrial mammals. While no *in vivo* studies focusing on rheological changes during diving have been conducted, there have been several *in vitro* examinations of marine mammal RBC.

Balancing oxygen supplies, hematocrit and blood viscosity
---------------------------------------------------------

The first comparative values on marine mammal hemorheology were published by Guard and Murrish ([@B38]). They reported that at 50% Hct, blood from Weddell, leopard and crab eater seals exhibited viscosities greater than human blood at high shear rates. It was not until over 10 years later that further rheological studies on marine mammal blood were conducted. One of the first of these was by Hedrick et al. ([@B41])who measured several fundamental rheological characteristics in northern elephant seal blood and, several years later, conducted another survey of seven marine mammal species (Hedrick and Duffield, [@B40]). They concluded that across species, viscosity increased exponentially with Hct, but could not find any adaptive changes to reduce whole blood viscosity. They suggested therefore that optimum Hct levels would be at about 50% in order to balance oxygen delivery with the costs of increased blood viscosity.

Wickham et al. ([@B69], [@B68]) also conducted experiments on harbor, ringed and elephant seal blood. They confirmed that viscosity and Hct were related, but showed that marine mammal blood was up to 28% less viscous than pig blood when measured at the same Hct and shear rates of 2--10 s^−1^. Further, they demonstrated that RBC aggregation, erythrocyte sedimentation rates and plasma fibrinogen levels were lower than humans for these several seal species. On the basis of their work, it appeared that there might be a pattern such that seal blood was less viscous than human blood and that this would be a clear advantage during periods of low blood flow while diving. During this same general period however, the first evidence of variable Hct and blood temperature during diving was published (Kooyman et al., [@B46]; Qvist et al., [@B55]), thus adding the increased complexity that these parameters, both of which impact blood viscosity, were not constant during breath-hold periods.

Several years later, Meiselman et al. ([@B49]) and Elsner and Meiselman ([@B28]) sought to extend this reduced blood viscosity theory to Weddell seals, a species known for long duration diving. Surprisingly, they found that when tested at 40% Hct, Weddell seal blood was more viscous than ringed seal, elephant seal and human blood at all shear rates. By contrast, ringed seal blood exhibited extremely low viscosity and aggregation indices. At about the same time, it was postulated that Weddell seals sequestered RBC in the spleen during non-diving periods when they could breathe and did not need elevated Hct for oxygen loading (Zapol et al., [@B74]; Castellini and Castellini, [@B14]). Elsner and Meiselman ([@B28]) suggested that removing the cells from circulation except during diving might be an adaptive mechanism for the apparently high viscosity of seal blood.

Currently, we theorize that seal species that have relatively high viscosity or enhanced RBC aggregation will remove those cells from circulation via splenic sequestering during resting periods on the surface. However, the need for maximizing oxygen carrying capacity and delivery during diving must be greater than the cost of the increased viscosity, because some seal species appear to maximize Hct during diving bouts. Conversely, we hypothesize that seal species with very low blood viscosity and aggregation values (e.g., ringed seals), will keep Hct levels stable and will not remove the cells from circulation when at the surface and therefore not increase their Hct when diving.

RBC hemoglobin concentration
----------------------------

Mean RBC hemoglobin concentration in humans are around 30 to 35 g/dl but we have recorded MCHC values as high as 47 to 48 g/dl in Weddell seals, an adaptation that increases blood oxygen carrying capacity per RBC (Kooyman, [@B44]; Elsner and Meiselman, [@B28]; Castellini et al., [@B20]). However, the rheological "cost" of the increased MCHC is an increase of cytoplasmic viscosity and the impairment of both membrane and cellular deformability: RBC containing high levels of O~2~- binding proteins to guarantee adequate O~2~ supply thus seems to be of greater importance than possible rheological disadvantages. Nash and Meiselman ([@B51], [@B52]) have shown that when human RBC are dehydrated to a MCHC of about 50 g/dl, the cells change markedly in shape, show unrecoverable deformation and the cytoplasm behaves more like a solid. Interestingly, human blood cells with sickle cell disease are characterized by dehydrated RBC that exhibit increased MCHC (up to 50%; Joiner, [@B42]). Let us assume that such similarly high MCHC values can only be reached in human cells under extreme disease stress and that this is the limit of Hb solubility in the RBC cytoplasm. Does this imply that some marine mammals have maximized about the same amount of Hb that can be held in solution in a mammalian RBC? This would make some adaptive sense. If they must maximize oxygen carrying capacity for diving then there are only two mechanisms to do so: (1) increase the Hct to maximum values during diving; (2) increase the amount of Hb/cell to its maximum. Both of these solutions have rheological costs associated with them. But the balance may have tipped more toward the advantage of carrying massive amounts of oxygen in the blood versus the rheological costs of moving such cells through the circulation.

While we know that Hct varies in diving mammals, no publication to date has evaluated whether MCHC levels change during diving. As part of a separate research project, we have recently examined blood patterns in Weddell seals at extremely elevated Hct levels of over 70% after very long and strenuous dives and have noted unusual RBC changes. If one assumes that the amount of hemoglobin per cell (MCH) is constant over short time periods, then the relationship of whole blood Hb to Hct will be linear. That is, as Hct increases, then the total amount of Hb in the blood should increase in a linear fashion. However, as shown in Figure [3](#F3){ref-type="fig"} for Weddell seals, this linear relationship no longer appears to hold at a Hct \>70% but rather begins to flatten. One possible interpretation of these data is an alteration in the RBC being released into the circulation at the limits of splenic constriction. Perhaps the RBC are much larger with the same total amount of Hb/cell, thus driving up Hct but not the amount of Hb, or cells of the same size with less Hb/cell are being released. In either case, the rheological implications of extremely high Hct levels combined with potentially different populations of RBC are completely unknown.

![**Whole blood hemoglobin concentration versus hematocrit for blood from an adult Weddell seal during rest periods and after dives**. Venous blood samples were taken from an indwelling catheter after the seal surfaced from a natural dive into heparinized Vacutainers^©^ or syringes. An aliquot of whole blood was removed for spectrophotometric Hb analysis and the remaining blood immediately measured for Hct. This animal handling and sampling method has been well studied and documented for collecting diving recovery blood samples in Weddell seals (Kooyman et al., [@B46]; Qvist et al., [@B55]; Castellini et al., [@B19]).](fphys-01-00146-g003){#F3}

It is clear that the dynamic relationships of Hct variability along with the theoretically static relationship of Hb/cell are key points in understanding the rheological implications of diving in marine mammals. Some of this work can be conducted *in vitro*with collected blood samples, but other aspects of further studies in this area will need to be conducted *in vivo* with diving animals.

Neonatal development of blood oxygen delivery
---------------------------------------------

Marine mammals show major developmental changes in diving physiology. Pups must develop their cardiovascular responses to diving along with blood and tissue oxygen stores, and subsequently are not able to dive as well as adults (Kooyman et al., [@B45]; Burns and Castellini, [@B11]; Burns et al., [@B12]). Burns et al. ([@B12]) have shown that in some true seal species, Hct values of neonates do not change during development, while in other species, the Hct is elevated at birth, declines in the neonatal period and then increases as the animals mature and become better divers. Trillmich et al. ([@B62]) have shown similar patterns in fur seals and Weddell seals while Castellini et al. ([@B15]) demonstrated that elephant seals are born with a Hct (∼48--52%)that remains stable during the nursing period and then begins to increase at weaning to as high as 68--70%. Because Hct is such a significant determinant of whole blood viscosity, varying patterns of Hct during development will impact native blood viscosity. To separate potential differences in inherent viscosity during development in seals, we have examined several rheological characteristics in young Weddell seals (Castellini et al., [@B20]). We found that blood from 2- and 7-day-old pups demonstrated less aggregation than adult blood, but that at 7 days of age, the pups showed more aggregation than at 2 days. Also, adult Weddell seal blood showed significantly greater viscosity than pup blood at both native and standardized Hct values.

When considering the concept of oxygen delivery, it is informative to calculate the "RBC delivery effectiveness," defined as the ratio of Hct to blood viscosity and abbreviated as HVR. Castellini et al. ([@B20]) have examined this parameter for Weddell seal pups and adults, and report that the HVR value is about 2-fold greater for Weddell pups than for adults, suggesting a more effective delivery of oxygen to the tissues. Subsequent increases of Hct and hence blood viscosity with pup maturation will tend to reduce the HVR, eventually leading to the lower values of HVR observed for adult Weddell seals.

This counter-intuitive finding for HVR in adult and pups again indicates the interplay of blood viscosity, Hct and the need for oxygen carrying capacity development in seals. It seems that even though the efficiency of oxygen delivery may be reduced at elevated Hct levels in adults, the advantage of increasing the volume of oxygen that can be carried by the blood is more critical to the animal than the efficiency at which it can be delivered. Because pups have a higher mass-specific metabolic rate, oxygen delivery to the tissues may need to be more efficient than in adults, which have a lower mass-specific tissue metabolic rate.

Impact of high pressure in divers
---------------------------------

While there have been no direct studies of high pressure on RBC rheological properties in marine mammals, RBC metabolism must continue to function well under natural diving at great depths. However, in human RBC, even mildly elevated pressure (∼ 9 ATM) can increase aggregation (Taylor et al., [@B61]). It has also been shown that slightly higher pressure (\<15 ATM) can alter the membrane lipid order, and therefore the fluidity of human RBC membranes (Chen et al., [@B22]; Barshtein et al., [@B2]). There is some evidence that the metabolic pathways of marine mammal RBC are either pressure insensitive or actually slightly enhanced in simulated diving to 2000 PSI (1360 m or 136 ATM of pressure) (Castellini et al., [@B17], [@B21]), but the rheological characteristics of RBC were not examined in those studies. Differences of membrane properties between marine mammal and terrestrial RBC have been implicated in pressure tolerance differences, glucose transport properties and in the ability to count the cells using flow cytometry (Castellini et al., [@B16], [@B21]; Williams et al., [@B70]). RBC membranes from several marine mammal species were found to have lower cholesterol and phospholipid content (Fayolle et al., [@B33]).

In a related study, platelet activation during pressurization-decompression was tested in elephant seal blood. In contrast to human cells, seal platelets were not activated by simulated diving to 2800 PSI (190 ATM) (Field et al., [@B35]; Field, [@B34]) and the authors suggested this might be due to the elevated cholesterol content of seal platelets. While platelets are not significant factors in most rheological measurements of whole blood due to their lower concentration compared to RBC (about 1:20)and much smaller size, the possible relationships between pressure responses and membrane structure is an interesting finding in both platelets and RBC.

Investigation of how elevated hydrostatic pressure could impact flow characteristics of marine mammal RBC is essentially untouched. Even the most basic of experiments, such as measuring RBC aggregation rates under pressure, need to be conducted. When combined with the other changes in blood that occur during diving conditions (e.g., decreased pH, variable Hct and low oxygen), the study of how blood rheology might change under elevated hydrostatic pressure becomes both fascinating and more complex. One current example of where such as study is relevant concerns the impact of SONAR on diving marine mammals and whether the absorbed energy from SONAR alters RBC properties. Several *ex vivo* studies have suggested that direct ensonification of terrestrial mammal tissues can result in bubble formation (Crum et al., [@B27]) and changes in blood properties (Shin et al., [@B58]). However, the impact of compression, rapid decompression (e.g., rapid ascents to the surface), simultaneous ensonification in SONAR ranges and comparative approaches to tissue selection (marine versus terrestrial mammals, deep versus shallow divers) have not been examined.

Future Studies Relevant to Comparative Physiology
=================================================

The essential concepts of oxygen delivery and how changes in blood flow behavior could be altered by these environmental or physiological conditions extend far beyond terrestrial versus marine mammals. Rheological studies have been conducted on non-mammalian systems and become even more intriguing given the nucleated RBC of other vertebrates are not biconcave. For example, two important differences are that the RBC have a very low deformability compared to non-nucleated, biconcave RBC and that they have very low, if any, RBC aggregation properties (Usami et al., [@B63], [@B64]; Waugh and Evans, [@B67]; Gaehtgens et al., [@B36]; Windberger and Baskurt, [@B71]).

It is clear, however, that we are far from a unifying principle of rheological patterns in vertebrate circulatory systems. There is no doubt that the flow behavior of blood is critical to the development of systems that can change under conditions of elevated pressure, low blood flow, heterothermy, water balance and a wide range of other environmental and physiological stresses that are seen across the vertebrate groups. Comparative studies across species to test the interactions of Hct, RBC hemoglobin content, cell shape, cell protein level, viscosity and aggregation would be extremely valuable. Hopefully, through this review, we have brought to the forefront some of the basic questions that can be asked in marine versus terrestrial comparisons and have provided the framework for broader explorations in the area of comparative rheology.
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